The distribution of cytopathic and noncytopathic biotypes of bovine viral diarrhea virus (BVDV) in the tissues of colostrum-fed and colostrum-deprived calves was investigated. Colostrum-fed (group A) and colostrum-deprived (group B) calves were experimentally infected with the BVDV isolate 80/1, which contains both BVDV biotypes. Colostrum-deprived calves were also experimentally infected with a noncytopathic BVDV (group C) or with a cytopathic BVDV (group D) cloned from the 80/1 isolate. All calves were sequentially euthanized, and a wide range of tissue samples were processed for immunofluorescent and virus isolation studies. In group A, consistent immunofluorescent staining for BVDV was detected in vascular smooth muscle of numerous blood vessels in the tissues examined, mainly at 11 and 13 days postinoculation. A predominance of samples containing cytopathic BVDV was observed in the calves of this group, following virus isolation studies. Both cytopathic and noncytopathic BVDV were detected/recovered from a larger range of specimens in the calves in group B than from the calves in group A. In the calves in all the experimental groups, large amounts of BVDV antigen were detected mainly in tissue samples from the lymphoid and gastrointestinal systems, whereas only minimal amounts of BVDV were detected in the respiratory tract. Abundant noncytopathic BVDV antigen was also detected in pituitary gland and in Langerhans islets in pancreases of colostrum-deprived calves infected with the cloned noncytopathic BVDV. Noncytopathic BVDV was isolated from a wider range of tissues from calves in group C than in the colostrum-deprived calves infected with both BVDV biotypes. A cytopathic BVDV was isolated/detected in retropharyngeal, mesenteric, and abomasal lymph nodes and in thymus of 2 calves in group C. Cytopathic BVDV was detected/isolated mainly from mesenteric lymph nodes and Peyer's patches of the calves in group D.
Infection of immunologically competent cattle with bovine viral diarrhea virus (BVDV) results in inapparent or mild disease, with clinical signs including fever, nasal discharge, salivation, coughing, diarrhea, and leukopenia. l4 However, disease with high mortality rates has also been reported. 4, 13, 18, 30 Cytopathic (CP) and noncytopathic (NCP) BVDV have been recovered from field cases of disease, 3, 18 and studies on experimental infections in cattle have demonstrated that both BVDV biotypes are capable of causing mild or severe acute enteritis. 8, 9, 11, 17, 20, 34 Mixed populations of CP and NCP BVDV have been detected in reference strains. 23 Although the distribution of BVDV antigen has been studied for clinical forms of BVDV, 6 only a few workers have studied the distribution of CP or NCP BVDV biotypes in the tissues of calves experimentally infected with BVDV isolates recovered from acute cases of enteritis. 11, 20, 21, 24 The present study, we examined the dis-tribution of CP and NCP BVDV biotypes (recovered from a field case of severe enteritis) in tissues of conventionally reared, colostrum-fed (CF) calves with neutralizing antibodies to BVDV and in colostrumdeprived (CD) calves free of BVDV antibodies. Virus isolation and immunofluorescent (IF) staining techniques were used.
Materials and methods

Virus and cells
The BVDV isolate 8011 used for the experimental infection of calves was initially recovered from the intestinal contents of a cow that died with acute, profuse diarrhea. 1 The virus was isolated in fetal bovine lung (FBL) cells and contained both CP and NCP biotypes of BVDV, as determined by IF staining in cell culture. 1 A pool of BVDV 8011 was grown in BVDV-free FBL cells and used as inoculum. The infectious titer of this viral inoculum was calculated to be 10 6.6 TCID 50 / 0.1 ml following inoculation of serial lo-fold dilutions in FBL cell cultures. An NCP BVDV was biologically cloned from this mixed virus culture by 3 successive cell culture passages at limiting dilutions, and a CP BVDV was cloned by plaque purification. 32 The NCP BVDV inoculum contained 10 6.0 TCID 50 /0.1 ml, and the CP BVDV inoculum contained 10 4.0 TCID 50 /0.1 ml.
Animals
Eight CF, conventionally reared 3 mo-old calves and 18 1-wk-old CD calves were used in this study. All the calves were kept in isolated pens for the duration of the experiment. Assessment of persistent infection with BVDV in all calves was individually performed by virus isolation from buffy coat.
Serology
Serum samples were obtained from all the calves and were individually assayed for antibody to BVDV using a virus neutralization test using serum, 12 and the end points were estimated after 7 days by staining of the cultures using an immunoperoxidase protocol. a
Virus isolation
Heparanized blood samples were collected prior to infection, at 2 days postinfection (PI), and at the time of euthanasia. Buffy coats were isolated following centrifugation of the heparanized blood samples at 2,000 x g for 10 min and suspended in cell culture medium supplemented with 50 µg/ ml of gentamicin sulphate, 2.5 µg/ml amphotericin B, and 2 mM glutamin/ml (BHK-S) at approximately 20% (v/v) for virus isolation. Virus isolation was performed on the tissue samples collected from all experimental calves at necropsy. A 10% suspension of each tissue sample collected at necropsy was prepared in BHK-S. Cell debris was removed by centrifugation at 2,500 x gfor 40 min at 4 C, and the supernatant fluid was recovered and inoculated onto duplicate FBL coverslip cultures and grown in BHK-S supplemented with 5% fetal calf serum known to be free from BVDV and BVDV antibody. After 7 days of incubation at 37 C, the coverslip cultures were removed, fixed in acetone for 10 min at room temperature, and immunostained for BVDV antigen by a direct IF protocol, using a fluorescein isothiocyanate-conjugated (FITC) polyclonal pig anti-pestiviruses antiserum (PP-Ig). 26 Duplicate BVDV-positive cell cultures were also submitted to a dual IF protocol for detection of NCP and CP BVDV antigen, as described below for cryostat sections.
Immunocytochemistry
The tissue samples obtained at necropsy from all experimental calves were snap frozen in isopentane, which had been precooled in liquid nitrogen, and stored at -70 C until cryostat sectioning. 25 Five-micrometer-thick cryostat sections were fixed in acetone for 10 min and immunostained for BVDV antigen using the following indirect IF protocol. A1/1,000 dilution of PP-Ig, in phosphate-buffered saline (PBS), was applied to the cryostat sections for 1 hr at 37 C. The cryostat sections were washed in PBS and incubated with a 1/20 dilution of FITC rabbit anti-pig antiserum (FITC-RaP), b previously absorbed with a bovine tissue homogenate, 26 for 1 hr at 37 C. The cryostat sections were then washed in PBS, mounted in buffered glycerol, and examined under incident UV illumination. As controls, the primary antibody was replaced by a polyclonal pig antiserum to pig circovirus, 22 diluted to 1/1,000 in PBS.
Duplicate cryostat sections from BVDV antigen-immunopositive tissues were submitted to a dual IF protocol to detect BVDV biotypes. The polyclonal antibody to PP-Ig and a monoclonal antibody (MAb) raised against the NADL strain of BVDV (MAb-C12) 29 were used. The MAb-C12 was known to react only with CP BVDV, but to rule out the possibility of cross-reaction with the NCP BVDV present in the 80/1 isolate, NCP BVDV-infected FBL cells were fixed in acetone and stained with serial dilutions of the MAb in PBS. For the dual IF protocol, a 1/100 dilution of MAb-Cl2 was prepared using a 1/1,000 dilution of the PP-Ig, in PBS, as diluent. This antibody mixture was applied to the acetonefixed cryostat sections and incubated for 1 hr at 37 C. The cryostat sections were washed in PBS and incubated with a 1/20 dilution of FITC-Rap prepared in a 1/100 dilution of Texas red-conjugated sheep anti-mouse antiserum c in PBS. This mixture was applied to the cryostat sections for 1 hr at 37 C, after which the sections were washed in PBS and mounted in Vectashield mounting medium d prior to examination under incident UV light. As controls, the MAb-Cl2 was replaced by an MAb raised against pig circovirus, diluted to 1/100 in PP-Ig.
Experimental design
Seven CF calves (group A) and 7 CD calves (group B) were experimentally infected with BVDV 80/1. Another 7 CD calves were infected with the cloned NCP BVDV (group C), and 2 CD calves were infected with the cloned CP BVDV (group D). The calves were infected by a combined oralintratracheal route. The calves in groups A and B were infected with 10 8.9 TCID 50 of virus, calves in group C received 10 8.3 TCID 50 , and calves in group D received 10 6.3 TCID 50 . One CF and 2 CD calves were mock infected with 20 ml of an FBL cell lysate in cell culture medium supplemented with 5% fetal calf serum. All animals were clinically examined prior to inoculation and were examined daily for the duration of the experiment.
Calves were sequentially euthanized by an overdose of sodium pentobarbitone on each of the chosen times PI. BVDV-infected CF calves were euthanized at 2, 4, 6, 9, 11, 13, and 16 days PI, and CD calves were euthanized at 12 hr and at 1, 3, 5, 8, 10, and 13 days PI. The mock-infected control CF calf was euthanized at 13 days PI, and control CD calves were euthanized at 8 and 10 days PI. Tissue samples were processed for virus isolation studies and cryostat sectioning.
Results
Moderate enteritis was observed in the calves of group A, whereas very mild or subclinical signs of disease were observed calves of groups B and C. No clinical signs of disease were observed in calves of group D.
Serology
Neutralizing antibodies to BVDV were detected in the serum from the CF calves prior to infection, with titers ranging from 1/96 to 1/768. No neutralizing antibody to BVDV was detected in any of the CD calves used in this work prior to experimental infection.
Virus isolation
No BVDV was isolated from the buffy coat of any of the calves prior to infection. BVDV was recovered from the buffy coat specimens from all the experimentally infected calves at 2 days PI or at necropsy, if earlier.
Group A. In calves of group A, CP and NCP BVDV were isolated from a number of tissue samples from lymphoid and gastrointestinal tissues at 2 days PI (Table 1). CP BVDV was isolated from a wider range of tissues than was NCP BVDV earlier (2 and 4 days PI) in the course of infection. Both biotypes were isolated from a large number of samples at 6 and 11 days PI, although BVDV was not isolated at 13 or 16 days PI, and only 1 tissue sample (lung) contained both biotypes of BVDV at 9 days PI. In this group, a total of 18 samples were NCP BVDV positive by virus isolation (13.5%), and 32 samples were CP BVDV positive (24%).
Group B. In group B, CP and NCP BVDV were recovered from a wide range of tissues as early as 12 hours PI ( Table 2 ). Following this initial period of viremia, both BVDV biotypes were isolated from pharynx, abomasum, duodenum, and bone marrow at 1 day PI. CP BVDV was also recovered from esophagus at this time. From these sites of infection, both biotypes of BVDV were disseminated to other lymphoid and gastrointestinal organs, from where both viruses could be isolated up to 8 days PI. More samples contained NCP BVDV (32.2%) than contained the CP biotype (22.8%).
Group C. In group C, NCP BVDV was isolated from parotid lymph node, pharynx, mesenteric lymph node, and lung at 12 hours PI ( Table 2 ). The number of NCP BVDV-positive samples increased throughout the experiment, except on day 3 PI, and at 10 days PI all tissue samples, except parotid lymph node and salivary glands, contained this virus. A CP BVDV was isolated from thymus, retropharyngeal lymph node, and abomasal lymph node at 8 and 10 days PI. In total, NCP BVDV was isolated from 78 samples (45.3%), and CP BVDV was isolated from 4 samples (2.4%).
Group D. In group D, CP BVDV was isolated approximately from the same number of samples from tissues of the lymphoid and gastrointestinal tissues at 3 and 10 days PI, giving a total of 21 positive samples (42%) ( Table 3 ).
Immunocytochemistry
The results of IF staining performed in the tissue samples obtained at necropsy from the experimentally infected calves are presented in Tables 1 and 3 .
Group A. IF staining for BVDV antigen on tissues of CF calves experimentally infected with BVDV (group A, Table 1 ) revealed the presence of small numbers of NCP BVDV-positive cells scattered throughout the lamina propria of pharynx and in lymphoid follicles of thymus at 2 and 4 days PI, respectively. Maximum amounts of CP and NCP BVDV antigens were found at 6 and 11 days PI, mainly in ileal Peyer's patches but also in foci in lamina propria of duodenum, ileum, cecum, and colon and in the subcapsular space and parenchyma of several lymph nodes. Maximum numbers of IF-positive samples were detected at 6 and 11 days PI, but at 9 days PI small numbers of BVDV antigen-positive cells were observed in lung, retropharyngeal lymph node, and pharynx. Multifocal staining of BVDV antigen was observed in the walls of many arterioles of the positive tissues obtained from the infected calves in this group, mainly at 11 and 13 days PI (Fig. 1) . Twenty-five tissue samples were positive for NCP BVDV antigen (18.8%) and 12 tissue samples were positive for CP BVDV antigen (9%) in this experiment.
Group B. In CD calves experimentally infected with the isolate 80/1 (group B, Table 3 ), CP BVDV antigen was widely distributed in lymphoid tissue but was less prevalent in tissues of the gastrointestinal tract. NCP BVDV antigen was detected in small numbers of cells in the lamina propria of the esophagus at 12 hours and 1 day PI, and CP BVDV antigen was detected in pharynx and in mesenteric lymph nodes at 1 day PI. Abundant BVDV antigen was detected by IF at 3 and 5 days PI, mainly in lymph nodes. In these tissues, staining for BVDV antigen (CP and NCP) was initially confined to the capsule and subcapsular spaces, with progressive spread to the cortex and paracortex by 5 days PI, and was still detected in lymphoid follicles of mesenteric lymph nodes at 10 days PI. Widespread IF staining of ileal Peyer's patches was observed from 3 to 8 days PI, with numerous NCP and CP BVDV antigen-positive cells also detected in the epithelium of rumen ( Fig. 2a,  2b) , abomasum, and small and large intestine at these times. In addition, IF staining of bone marrow sections from calves euthanized at 3, 5, and 10 days PI revealed the presence of BVDV antigen in mononuclear cells and megakaryocytes. Neither CP nor NCP BVDV was detected by IF in brain of the experimental animals, and only minimal amounts of BVDV antigen (biotype not identified) were detected in the lung of the calf euthanized at 1 day PI. In this experimental group, 23 tissue samples were positive for NCP BVDV ( 12.7%) and 11 were positive for CP BVDV antigen (6.1%).
Group C. In the calves of group C (CD calves experimentally infected with the cloned NCP BVDV, Table 2 ), small amounts of NCP BVDV antigen were detected in the cells of the parotid lymph node, mesenteric lymph nodes, and pharynx as early as 12 hours PI and in pharynx at 1 day PI. At 3 days PI, lung, retropharyngeal lymph node, and abomasal lymph node pituitary gland of the calves euthanized at 3, 5 (Fig.  4) , and 8 days PI. Furthermore, abundant IF staining was also detected in cells in many islets of Langerhans in pancreas of 3 CD calves in this experimental group (5, 8 , 10 days PI). A few cells containing NCP BVDV antigen were detected by IF in lung sections of the calves euthanized at 5 and 10 days PI. A CP BVDV was detected in retropharyngeal and mesenteric lymph nodes (8 days PI) and in abomasal lymph node and thymus (10 days PI) following IF staining. In this group, 4 samples contained CP BVDV antigen, and a large number (62) contained NCP BVDV antigen (34%).
Group D. In this group (CD calves experimentally infected with the cloned CP BVDV), CP BVDV was detected by IF mainly in individual cells of the medulla of lymph nodes and in discrete areas of ileal Peyer's patches of the calf infected with cloned CP BVDV and euthanized at 3 days PI (Table 3) . At 10 days PI, CP BVDV antigen was detected in cells of tissue samples from mesenteric lymph nodes and from the gastrointestinal tract (rumen, abomasum, reticulum, ileum, cecum, colon). This viral antigen was predominantly observed in cells of the lamina propria and to a lesser extent in the epithelium of the tissues. A total of 15 samples (28.8%) were CP BVDV positive in this group.
Controls. No BVDV antigen was detected by IF in any of the tissue samples examined from the control CF or CD calves.
Discussion
The majority of studies on the pathogenesis of acute infections with either CP or NCP BVDV have been performed with isolates recovered from animals with mucosal disease or from persistently infected ani-ma1s. 9,21, 36 The results reported here represent a comprehensive study of the distribution of CP and NCP BVDV antigens in calves inoculated with BVDV re-covered from a field case of severe, acute enteritis from which this virus was the only significant pathogen isolated.
Difference in the frequency of CP and NCP biotypes of BVDV was observed by virus isolation and IF in the tissues of the CF and CD calves. Although the possibility of individual variations cannot be ruled out, there was a consistent pattern in the viruses distribution within the experimental groups.
CP BVDV has been reported to be capable of infecting a wider range of cells than is NCP BVDV in animals with experimental mucosal disease. 27 In the CF calves infected with the BVDV 80/1 (group A), the CP biotype was isolated from a wider range of tissues than was the NCP BVDV earlier in the course of infection. Conversely, IF studies in tissue samples from the calves in this group identified more samples as NCP BVDV positive than as CP BVDV positive. The MAb used here may not have detected all CP BVDV antigens present in the tissues.
Predominance of NCP BVDV over CP BVDV was cryostat section of pituitary gland from a CD calf experimentally infected with NCP BVDV (group C) and euthanized at 5 days PI.
observed in tissue samples of calves in group B (CD calves infected with CP and NCP BVDV) by both IF and virus isolation. Immunofluorescent and virus isolation studies on tissues of calves in groups A and B suggest that the CP BVDV biotype is capable of replicating in a more extensive range of tissues than is the NCP BVDV in calves with neutralizing antibodies to BVDV. However, whether the neutralizing antibodies present in the CF calves were capable of limiting, to a certain extent, the spread of NCP BVDV is a possibility that merits further studies. As expected, virus isolation studies demonstrated that both NCP and CP biotypes of BVDV were more widespread in the tissues of CD calves (group B) than in tissues of CF calves (group A). However, the number of samples IF positive for NCP and CP BVDV was greater in calves of group A than in those of group B. This finding can be attributed to the fact that the IF techique is capable of detecting viral antigen, whereas virus isolation recovers only infectious viruses present in the samples.
The results of virus isolation and IF studies reported here showed that the NCP BVDV was found in a wider range of tissues in CD calves infected with the NCP BVDV only (group C) than in the group of CD calves infected with both biotypes. The CP BVDV may interfere with the replication of NCP BVDV biotypes. 35 Neutralizing antibodies to BVDV have been reported to significantly protect calves against respiratory infections. 19, 37 In the experiments reported here, only minimal amounts of BVDV were detected in the respiratory tract of calves with and without neutralizing antibodies to BVDV. Conversely, larger amounts of CP and NCP BVDV were recovered from lymphoid and gastrointestinal tissues early in the infection. The BVDV 80/1 used in the present experiment may be predominantly enterotropic; other authors have demonstrated enterotropism of BVDV isolates. 36, 37 The tropism of CP BVDV to lymphoid tissue has been documented, 22,37 and the large amounts of this virus observed mainly in mesenteric lymph nodes and Peyer's patches of experimentally infected calves in groups A, B, and D confirm these data.
CP BVDV was isolated from a number of tissues from 2 CD calves infected with the NCP BVDV only. Five epitope differences were observed between this CP BVDV and the CP BVDV present in the isolate BVDV 80/1, following assay with a panel of 24 MAbs raised against BVDV peptides (data not shown). Therefore, it is less likely that the isolation of that virus from tissue samples was due to a residual contamination of the NCP BVDV inoculum. Other authors have reported spontaneous production of CP biotypes from NCP BVDV-infected calves. 8, 10, 31 In CF calves experimentally infected with BVDV 80/1, consistent staining of BVDV antigen was detected in the walls of numerous blood vessels. BVDV antigen staining in blood vessel walls of tissues of cattle with mucosal disease and persistently infected with BVDV has been reported. 7 This staining has been attributed to attached or transversing mononuclear cells containing BVDV antigen and to nonspecific binding of immunoglobulin to Fc receptors on endothelial cells and to elastic elements in the vessel walls. 7 The BVDV staining observed in the present study was confined to the vascular smooth muscle and was not seen on the endothelial cells of blood vessels, as is similar to the findings reported by others. 16 The staining observed was specific, as demonstrated by the lack of reaction in blood vessels in sections incubated with inappropriate antibodies. Conversely, little BVDV staining was observed in blood vessel walls of tissues from calves in groups B and C. In these calves, abundant BVDV antigen was detected mainly in the mucosal epithelial cells of rumen, abomasum, and small intestine and in gut-associated lymphoid tissue. Similar findings have been reported by others. 6 Widespread infection of neurons with BVDV in cerebral cortex and hypocampus has been indicated by immunocytochemical evaluation of calves persistently infected with BVDV and of cattle with mucosal disease 15, 38 In the present study, NCP BVDV was isolated from brain tissue obtained from only 1 CD calf infected with BVDV 80/1; the immature fetal brain may be more susceptible to BVDV infection than in the fully developed brain of neonatal calves. However, large amounts of NCP BVDV antigen were detected in the pars anterior of the pituitary gland of CD calves infected with the cloned NCP BVDV. Other authors have reported the presence of BVDV antigen in cells of the pituitary gland in persistently infected calves 5, 38 and have suggested that BVDV may be capable of causing a decrease in synthesis of growth hormone and subsequent dwarfing of infected animals.
Reduction in the number of islets of Langerhans in association with necrosis and degranulation of beta cells have been reported in the pancreas of cattle persistently infected with BVDV, although no BVDV staining was detected in these ce11. 33 In the work reported here, abundant IF staining of BVDV antigen was detected in cells in many islets of Langerhans in pancreas of 3 CD calves infected with NCP BVDV, thus supporting the possibility of the involvement of BVDV in diabetes mellitus. These data and the findings reported here in pancreas and in pituitary gland of the experimentally infected CD calves indicate that BVDV is capable of interfering with the systemic metabolism as a whole. This aspect of BVDV infections in cattle merits further investigation.
In this study, we examined the distribution of CP and NCP biotypes of BVDV in experimentally infected CF and CD calves. Virus isolation and IF studies suggest a wide replication of both BVDV biotypes in CD calves and a predominance of CP BVDV over NCP BVDV in early stages of infection in CF BVFV-antibody-positive calves. Additionally, large amounts of BVDV were detected in arterioles in CF calves, whereas in CD calves BVDV antigen was detected mainly in lymphoid and gastrointestinal tissues. Whether this difference in distribution and relationship of CP and NCP biotypes of BVDV with neutralizing antibodies plays a role in the immunopathogenesis of BVDV infections is not known. NCP BVDV was isolated from a wider range of tissues from calves infected only with NCP BVDV, than from CD calves infected with both biotypes (group B). Whether CP BVDV interferes with the replication of NCP BVDV is a point that remains to be elucidated, and experimental studies using larger sample sizes are necessary to assess the distribution of CP and NCP BVDV biotypes in calves.
